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We investigate spin- wave propagation in a microstructured magnonic-crystal waveguide fabricated by localized 
ion implantation. The irradiation caused a periodic variation in the saturation magnetization along the 
waveguide. As a consequence, the spin- wave transmission spectrum exhibits a set of frequency bands, where 
spin- wave propagation is suppressed. A weak modification of the saturation magnetization by 7% is sufficient 
to decrease the spin- wave transmission in the band gaps by a factor of 10. These results evidence the 
applicability of localized ion implantation for the fabrication of efficient micron- and nano-sized magnonic 
crystals for magnon spintronic applications. 



Magnonic crystals belong to the class of metamaterials 
and are artificially patterned magnetic media. This man- 
ufactured periodic pattern results in the formation of for- 
bidden frequency bands for spin-wave excitations of the 
material. ^'^ The feasibility to store or process informa- 
tion by spin waves using a magnonic crystal^'^ makes it a 
promising tool for magnon spintronic applications.^ The 
future use in a chip-based spin-logic architecture, how- 
ever, requires high-quality microscopic magnonic crystals 
that are easy to produce. Presently, they are realized in 
the form of microscopic waveguides with variable width, ^ 
arrays of coupled magnetic strips, ^'^ antidot lattices^ and 
bicomponent magnonic crystals, ^^'^^ all of which have 
proven as reliable methods. But there appear drawbacks 
like the formation of higher modes at the edge steps of 
the modulated sample topography^' ^^'^^ and the compli- 
cated fabrication procedures, respectively. 

These problems can be overcome by patterning the 
magnetic properties of a waveguide without major 
changes of the sample topography by localized ion 
implantation. ^^^^ Irradiating a NigiFeig (permalloy) 
film with ions leads to a reduction of its saturation 
magnetization. ^^^^ Thus, localized ion implantation can 
be utilized to manipulate the spin-wave propagation by 
a pure magnetic patterning of a permalloy film.^^ 

In this letter we present a one-dimensional micro- 
structured magnonic crystal waveguide with a periodic 
modulation of the saturation magnetization obtained by 
localized ion implantation. While the magnetic pat- 
terning method has nearly no impact on the waveguide 
topography, the change in the spin-wave propagation 
in the waveguide is drastic. A set of pronounced fre- 
quency band gaps exists in the spin-wave transmission 
spectrum, corresponding to a rejection of spin waves 
by the magnonic crystal. Furthermore, no scattering 
between different transversal waveguide modes occurs 
at the boundaries of the periodic pattern, as was also 
previously reported for other microscopically structured 
magnonic waveguides. ^'^^'^^ 
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FIG. 1. (Color online) Experimental sample setup. Spin 
waves are excited in two 4/im wide NisiFeig waveguides by 
the dynamic Oersted field /idyn of a 400 nm thick and 600 nm 
wide Cu antenna. Along one of the waveguides the saturation 
magnetization has been modulated periodically by localized 
Cr^ implantation with a lattice constant a — l/xm (see in- 
set). The other waveguide acts as a reference. An external 
in-plane magnetic field ifext is applied perpendicularly to the 
spin- wave propagation direction in order to saturate the mag- 
netization. 



The experiments were performed on two NigiFeig 
waveguides (Fig. 1) with a width oiw = A jiia and a nom- 
inal thickness of t = 20 nm, which were fabricated by 
means of conventional lift-off techniques and molecular 
beam evaporation. While one of the waveguides served 
as a reference waveguide, a periodic modulation in the 
saturation magnetization Ms was imposed on the sec- 
ond waveguide by localized ion implantation. For this, a 
polymethyl methacrylate (PMMA) mask was patterned 
on top of the sample by e-beam lithography containing a 
set of 4 jiia wide and 500 nm long windows with a period- 
icity of 1 Ilia (inset of Fig. 1). The subsequent irradiation 
of the sample by a broad beam of Cr+ ions with a kinetic 
energy of 30keV and a fluence of 4.4 • 10^^ ions/cm^ re- 
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FIG. 2. (Color online) (a) Normalized spin- wave transmission 
spectra of the magnonic crystal waveguide (dark line) and the 
reference waveguide (pale line) . The spectra were recorded for 
an external magnetic field of /ioii^ext = 30 mT. (b) Calculated 
spin-wave dispersion relation for the same field and a wave- 
guide width of 4/im. The first two band gap positions are 
indicated by the dotted lines. Dashed lines mark spin- wave 
frequencies studied in Fig. 3. 



suited in a decrease of Ms in the unshielded regions to 
(93 ±6)% of its original value, as determined from po- 
lar magneto-optic Kerr effect measurements^^ on equally 
treated reference samples. Finally, a 200 nm thick and 
600 nm wide Cu antenna was produced on top of the 
waveguides (Fig. 1). Applying a microwave current to the 
antenna, spin waves were excited in the NigiFeig waveg- 
uides by the dynamic Oersted field h^yn of the antenna, 
and they propagated perpendicularly to an external in- 
plane magnetic field /io^ext = 30 mT (Damon-Eshbach 
geometry). The spin- wave intensity was detected using 
Brillouin light scattering (BLS) microscopy, which pro- 
vides a high dynamic spectral range and a spatial reso- 
lution of 250 nm.^^ 

The magnonic crystal character of the modulated 
waveguide becomes apparent in the measurement of the 
spin- wave transmission spectra (Fig. 2(a)). Here, the de- 
tected spin- wave intensity measured at a propagation dis- 
tance of a few micrometers from the antenna has been 
plotted as a function of the microwave excitation fre- 
quency. For a better comparison, the spectra were nor- 
malized in intensity. With respect to the reference wave- 
guide, the transmission spectrum of the magnonic crystal 
waveguide reveals two pronounced band gaps for spin- 
wave frequencies at 5.9 GHz and at about 7.0 GHz, where 
the spin- wave intensity drops by a factor of 10. These 
frequency regions constitute the rejection bands of the 
magnonic crystal. 

Figure 2(b) displays the Damon-Eshbach type spin- 
wave dispersion relation, which was calculated according 
to Ref. 24 for a magnetic field of /io^int = 27.3 mT and 
a saturation magnetization of Ms = 675kA/m.^^ The 
latter value was determined from polar magneto-optic 
Kerr effect measurements on non- irradiated NigiFeig ref- 



erence films, while the magnetic field value takes into ac- 
count the demagnetizing fields originating at the wave- 
guide edges. ^^ The dispersion relation reflects the charac- 
teristic features of the reference transmission spectrum. 
While the strong onset of spin- wave transmission at lower 
frequencies corresponds to the ferromagnetic resonance 
(FMR) frequency /fmr = 4.3 GHz, the gradual decrease 
in the detected spin-wave intensity towards higher fre- 
quencies can be understood by taking into account the 
finite size of the microwave antenna. ^^ For the given 
antenna width of 600 nm an efficient excitation of spin 
waves is restricted to spin waves up to a maximum wave 
vector of k^^x ^ 10rad//im. According to Fig. 2(b), 
this results in an upper limit for the spin-wave frequency 
of /max = 8.2 GHz, which perfectly agrees with the ob- 
served values in the transmission spectrum of the refer- 
ence waveguide (Fig. 2(a)). 

Furthermore, for the transmission spectrum of the 
magnonic crystal waveguide, the positions of the fre- 
quency band gaps coincide with the first two reso- 
nance conditions for Bragg scattering from the periodic 
magnonic crystal pattern. The latter are indicated by 
the dotted lines in Fig. 2 and were calculated using the 
Bragg condition /c = ^, which connects the spin- wave 
wave vector k with the lattice constant a = 1 /im of the 
artificial lattice, where n is an integer number. It has to 
be noted that the waveguide thickness t was used as a 
fitting parameter in the calculation of the spin- wave dis- 
persion relation (Fig. 2(b)). While the thickness has basi- 
cally no impact on the position of the FMR frequency, it 
strongly influences the frequency values for Bragg reflec- 
tion. The resulting thickness value of t = 19 nm repro- 
duces the nominal thickness quite well. Since no capping 
layer was used on top of the NigiFeig, the oxidation of the 
waveguide surface and thus a reduction of the effective 
thickness is most likely. 

A more detailed analysis of the spin-wave propaga- 
tion in the magnonic crystal waveguide was achieved by 
space-resolved BLS microscopy measurements (Fig. 3). 
Here, spatial maps of the spin- wave intensity distribu- 
tion within the waveguides were taken for an excitation 
frequency in the transmission and rejection band, respec- 
tively. The investigated frequencies are indicated by the 
dashed lines in Fig. 2. Spin waves were excited by the 
antenna at x = 0/im and detected locally by scanning 
the BLS laser focus across the waveguide. The detected 
spin-wave intensity is color-coded with red (blue) color 
representing high (low) intensity. In both cases the prop- 
agation in the magnonic crystal waveguide was compared 
to the propagation in the conventional reference wave- 
guide. 

For the excitation of spin waves in the transmission 
band with a frequency of /exc = 5.0 GHz a weak dif- 
ference in both intensity maps was observed (Fig. 3(a)). 
While in the reference waveguide the spin waves decay 
homogeneously with increasing distance from the an- 
tenna, a faster decay as well as a small overlaid oscil- 
lation in the intensity occurs in the magnonic crystal 
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FIG. 3. (Color online) Investigation of the spatial spin- wave 
intensity distribution with a frequency in the transmission 
band ((a) and (c)) and in the rejection band ((b) and (d)). 
The lateral spin-wave intensity distribution was mapped by 
Brillouin light scattering microscopy for the magnonic crystal 
waveguide ("MC", upper graphs in (a) and (b)) and the ref- 
erence waveguide ("Ref", lower graphs in (a) and (b)). For 
a comparison of the spatial decay along the waveguides the 
integral intensity distribution along the waveguide is plotted 
((c) and (d)). The microwave antenna is located at ^ = O/xm. 



waveguide. Apparently, this is due to the implementa- 
tion of the irradiated regions with a reduced Ms and 
an increased Gilbert damping^^ allowing for spin-wave 
reflection at the transitions between the irradiated and 
non-irradiated areas. A more quantitative analysis of the 
spin- wave decay along the waveguide is given in Fig. 3(c). 
Here, the total transmitted spin- wave intensity is shown 
as a function of the distance from the antenna, obtained 
by integrating the detected spin-wave signal over the x 
position in Fig. 3(a). In the case of the reference wave- 
guide the slope of this curve yields information about the 
spin- wave damping. However, for the magnonic crystal 
waveguide this is not trivial, since multiple reflections 
from the irradiated regions as well as the periodically 
modified saturation magnetization and damping have to 
be taken into account. In order to simplify the anal- 
ysis, an effective decay length d was used to quantify 



the transmission through the waveguide, i.e., to account 
for both damping and reflection losses. Fitting an ex- 
ponential decay of the spin-wave intensity / according 
to I{y) = I{y = 0) • exp{—y/d) to the experimental 
data yielded values of d = 3.2 fim for the reference wave- 
guide and d = 2.6 /im for the magnonic crystal waveguide 
(Fig. 3(c)). A small increase in d by a factor of 1.2 due 
to the irradiation was determined. 

In contrast, the excitation of spin waves with a fre- 
quency of /exc = 5.9 GHz, i.e., inside the band gap, has 
a notable impact on their propagation in the magnonic 
crystal waveguide. The intensity maps in Fig. 3(b) re- 
veal a pronounced overlaid oscillation in the magnonic 
crystal waveguide being a sign of a standing spin-wave 
pattern due to the Bragg reflections from the artificial 
lattice. In addition, the decay of the transmitted in- 
tensity (Fig. 3(d)) in the magnonic crystal waveguide 
{d = 1.2 /im) was increased with respect to the reference 
waveguide {d = 2.1 /im) by a factor of 1.8. Beside the in- 
creased effective damping, the offset in intensity between 
both curves in Fig. 3(d) suggests that the excitation of 
spin waves in the magnonic crystal waveguide within the 
band gap has a lower efficiency. These observations give 
rise to the assumption that the suppression of spin waves 
by a factor of 10 in the rejection band is caused by two 
different effects: Partly, the effective spin- wave damping 
is increased due to Bragg scattering from the artificial 
crystal, but additionally the location of the antenna in- 
side the magnonic crystal leads to a decreased excitation 
efficiency inside the rejection band. 

In conclusion, localized ion implantation is a conve- 
nient method to fabricate high-performance magnonic 
crystal waveguides on the microscopic scale. A rela- 
tively weak, periodic change in the waveguide's satura- 
tion magnetization of 7% is sufficient for the formation 
of pronounced band gaps, where spin- wave propagation 
is efficiently suppressed. Since the waveguide consisted 
of one single, topographically unchanged material, spin 
waves with frequencies in the transmission bands were 
nearly unaffected. Hence, this class of magnonic crystal 
waveguides bears a high potential for future application 
in magnon spintronic devices. 
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